We developed a high-resolution, Coupled Atmosphere-Ocean Regional Climate Model to project climate change over Japan with more sophisticated atmosphereocean interaction. The model represented sea surface temperature (SST) distribution well. An SST bias over the Japan Sea was improved by 10 to 20% compared to a non-coupled ocean model driven by atmospheric forcing in a GCM. These results indicate that realistic, high-resolution atmospheric conditions positively impact on the reproduction and projection of oceanic conditions.
Introduction
The Projection of climate change in the ocean around Japan due to global warming is an extremely important issue because it affects not only the marine products industry but also the atmospheric climate over Japan. Using a high-resolution North Pacific Ocean General Circulation Model (hereafter, NPOGCM), Sato et al. (submitted) investigated global-warming impact on the ocean climate change around Japan (hereafter, CGCM-RUN). However, the atmospheric forcing used in their study was based on the Meteorological Research Institute Coupled GCM (hereafter, MRI-CGCM2) results with resolution at 2.8 degrees, which is insufficient to reflect the detailed information of the warming signal around Japan. The MRI has developed a sophisticated, high-resolution, atmospheric-ocean-coupled model to increase the accuracy of the simulation. This coupled model was used for a projection of global warming around Japan. The purpose of this paper is to demonstrate the importance of a high-resolution regional coupled model for the projection of climate change around Japan.
Model and experiment design
To simulate and project the impact of climate change around Japan, we developed a high-resolution, Coupled Atmosphere-Ocean Regional Climate Model (MRI-CRCM), which was described by Sasaki et al. (submitted) .
The atmospheric component is based on a regional spectral model originally developed by the Japan Meteorological Agency as a short-range forecast model (NPD/JMA 1997). The model resolution used in this study is approximately 20 km with 36 hybrid vertical levels. It uses the Mellor and Yamada (1982) level-2 scheme for vertical diffusion, the Arakawa and Shubert (1974) cumulus convection and convection adjustment schemes, the shortwave radiation scheme by Lacis and Hansen (1974) , the long-wave radiation scheme by Sugi et al. (1990) , and the grand surface process by Takayabu et al. (2004) . A spectral boundary coupling method proposed by Kida et al. (1991) was adopted for longterm simulations. In this method, the large-scale results of the outer model and the small-scale results of the inner nested model are joined in wave number space. It has the advantage of smooth long-term integration, because there are no contradictions between an outer coarse-mesh model and a nested model with respect to large-scale fields.
The ocean component of the MRI-CRCM is the NPOGCM based on the Meteorological Research Institute Community Ocean Model (MRI.COM), described by Ishikawa et al. (2005) and showed its performance by Ishizaki and Motoi (1999) and Tsujino and Yasuda (2004) . The model domain is from 15°S to 65°N in latitude and from 100°E to 75°W in longitude with horizontal resolution of 1/4°longitude, 1/6°latitude, and 48 vertical layers. It uses the bulk formula developed by Large and Pond (1982) for heat, momentum and fresh water exchange processes between the ocean and the atmosphere.
The outer model used in these experiments is the MRI-CGCM2 at a resolution of about 2.8°in longitude and latitude with 30 layers. For further detail on MRI-CGCM2, see Yukimoto et al. (2001) . The MRI-CGCM2 generated data from two kinds of experiments: a present climate simulation and a 110-year simulation using the IPCC SRES A2 emission scenario initialized in 1990. During the two ten-year periods (1991 to 2000 and 2061 to 2070), atmospheric fields are sampled from the MRI-CGCM2 simulation at a frequency of six hours for input into the CRCM. We use two-step nesting due to the coarser grid size of the MRI-CGCM2. First, a 60km-resolution Regional Climate Model (hereafter, RCM) is nested with the MRI-CGCM2 results; likewise, a 20 kmresolution Japan region RCM is nested with a 60 kmresolution RCM. The 60 km-resolution East Asian region RCM has the same model structure except for the grid size and the grid number.
As to the ocean component, the ocean and atmosphere interact only in a 20 km-resolution RCM domain. Outside this region, the ocean model used the results by 60 km-resolution RCM in East Asian region and the MRI-CGCM2 for the rest of domain as atmospheric forcings. Initial oceanic state is given by the result of the CGCM-RUN which has performed long time calcula- tions started from 1981 with the IPCC SRES A2 scenario following a 20-year spin-up with climatological forcings . Using the results of the year 1990 and 2060, we performed a present climate run and a future projection run.
Present climate run
In this section, we compare SST simulated by the CRCM for the present climate (from 1991 to 2000) against observations by the Japan Meteorological Agency from 1994 to 2003. For this comparison, the daily gridded observed data is overlaid onto the model grid and then monthly means are calculated. Figure 1 depicts the correlation of 10-year averaged annual mean SST between observed and simulated results for the whole domain of the CRCM. Although the model tends to overestimate SST by 1 to 4°C in the region with < 24°C and to underestimate SST by 1°C in the region with > 24°C, the correlation coefficient is quite good (0.987). The annual average SST of the CRCM results is 19.17°C, which is close to the observation (19.25°C).
In order to make clear the effect of high-resolution atmosphere-ocean model, a typical monthly result is indicated instead of long-term averaged one. Figure 2 (a) depicts monthly mean SST and ocean current at 100 m depth in January in present climate run (model year 1993). Compared to the observed SST shown in Fig. 2  (b) , the model represents the Kuroshio Current from the south and its associated meridional SST gradient well. However, comparing simulated 10-years mean SST to those by observations (not shown), the model overestimates SST by 3 to 5°C over off south part of the Maritime Province (133E/42N) and the eastward offshore area of northern Japan (142E and 40N). As regarding to the warm bias over the eastward offshore area of northern Japan, it may be associated with Kuroshio Current. We do not know much about this reason. It is an issue for future investigation.
As regarding to the bias in the area off south part Maritime province (133E/42N), the CGCM-RUN also exhibited overestimation. Figure 3 shows 10-year mean monthly SST time series averaged in this area (see square in Fig.2 (b) ). The bias appears only in the cold season. One of the possible reasons is that the ocean component of the model tends to overestimate SST in this area. The Tsushima Current is considered to be a source of warm water supply to the Japan Sea. The observed annual mean transport of the Tsushima Current into the Japan Sea is estimated to be 2.0 to 3.0 Sv (1Sv = 1.0 × 10 6 m 3 /s) by observations (Isobe 1994; Jacobs et al. 2001; Takikawa et al. 2003) , while the CGCM-RUN yielded 2.8 Sv, and the CRCM yielded 2.2 Sv. The SST bias in the Japan Sea is reduced by about 10 20% with the CRCM. The reduction of the Tsushima Current transport by the CRCM could be related to the improvement of the SST bias. Another possible reason is warm surface air temperature bias over the Japan Sea in winter simulated by the MRI-CGCM2. Observation shows that there is a steep gradation of temperature Fig. 3 . 10-year mean monthly SST averaged over the region A in Fig.2, observation (solid black) , the CGCM-RUN (dotted blue), the CRCM (solid red) over the area that is difficult for MRI-CGCM2 to represent due to lack of sufficient resolution. This surface air temperature bias affects the SST through air-sea interaction not only in the CGCM-RUN but also in the CRCM simulation because the CRCM receives large scale information from the outer model. This problem should be resolved in the near future.
Future projection
In this section, we demonstrate the differences between present climate and future projection run by the CRCM and the CGCM-RUN. Figures 4 (a) and (c) indicate that summer (winter) averaged SST increases by 1 to 4°C (1 to 6°C) around Japan; the increase is especially remarkable east of Hokkaido (148E/41N) in the CRCM. These results are quite similar to those of CGCM-RUN, which simulated a warming pool in this area (Figs.  4 (b) and (d) ).
Although Fig. 4 (c) indicates a positive warming signal (4 to 6°C) in winter over the south of Hokkaido similar to Fig.4 (d) , a difference can be seen off Sanriku (143E/39N) where the increase in SST becomes weak or even negative. This was not seen in the results of the CGCM-RUN.
It is interesting that there is a remarkable contrast between the warming area east of Hokkaido and the cooling area off Sanriku, even though the absolute value is small. This difference can possibly be induced by the high resolution of the CRCM wind field, which drives the ocean component of the CRCM.
The charts in Fig. 5 show 10-year mean surface wind of future projection run in winter calculated by the CRCM and the CGCM-RUN. It is obvious that the CRCM simulates detailed wind-distribution that could not be represented by the MRI-CGCM2. Due to topography and convective systems, wind direction differs from one grid to another. It could be causes difference of SST Figures 6 show 10-year averaged surface wind speed changes in winter between future and present climate by the CRCM and the MRI-CGCM2. Comparing Fig. 6 (a) to 6 (b), it can be seen that the CRCM can represent wind speed more clearly and in greater detail. Nonaka et al. (2003) identified the relation between changes in SST and in wind speed. They confirmed interaction between the ocean and atmosphere through convective activity of atmosphere over the Kuroshio Current south of Japan and its extension using satellite microwave measurements. They suggested that increased wind speed is related to warm SST anomalies, namely, increased in SST reduces the atmospheric static stability, which intensifies the vertical mixing, as a result of that, faster wind aloft down to the surface. In our result, increased wind speed is seen over the high warming area in the sea east of Hokkaido (148E/41N) and off Sanriku (143E/39N). SST increase is weaker in Fig. 4 (c) than in Fig. 4 (d) along a band of decreasing wind speed that extends from western Hokkaido (145E/42N) in a southeast direction. Although this region is located in the north of Kuroshio Current area, the positive correlation between the ocean and the atmosphere is likely to be applied to these regions in our experiments. This result suggests that the detailed future SST increase is strongly related to change in detailed surface wind fields. Further investigation will address detailed mechanism in our simulation.
Summary and conclusions
Simulations for the present climate performed with a high-resolution, coupled Atmosphere-Ocean regional climate model (MRI-CRCM) show a high correlation coefficient with observed SST. The CRCM improved positive SST bias over the Japan Sea with a 10 20% reduction from those driven by the non-coupled run driven by the MRI-CGCM2. This indicates that realistic, high-resolution atmospheric conditions have positive impact on oceanic conditions. In the future projection run, the MRI-CRCM was driven using meteorology from the MRI-CGCM2 forced with the SRES A2 scenario for 2061 2070. Simulated SST was 1 6°C warmer compared to the present climate run; the warming signal was especially remarkable in the sea east of Hokkaido in both summer and winter. The MRI-CRCM also simulated cooling SST offshore of Sanriku in winter, where strong increase in SST was projected by the non-coupled run driven by the MRI-CGCM2 atmospheric states. The result suggests that high-resolution interaction between the ocean and atmosphere give some impacts to project future climate.
